distributions from fiber diffraction) and maximum radii at least 5 Å greater than maxima from 1 the radial density distributions. The resolution of the final reconstructions was determined by 2 Fourier shell correlation (29) of randomly generated half sets of the data, using a threshold value 3 of 0.5. UCSF Chimera (53) was used to generate models and density maps. 4
5
For EM phase determination, particles were selected and processed using the Straighten 6 algorithm (36), a part of the ImageJ software package (1) . Diffraction patterns (Fig. 1) were 7 calculated from selected filament segments and the phase differences between symmetrically 8 equivalent points in the first intensity peak on the first layer line were determined. Only patterns 9 including clear, symmetric first layer line intensities were used. 10 11 STEM. STEM was used to determine the mass per unit length of the SMV virions. Grids for 12 STEM were prepared by the wet film technique (61, 62). Briefly, titanium grids coated with a 13 thick holey film were placed on a floating thin carbon film prepared by ultra-high vacuum 14 evaporation onto freshly cleaved rock salt, picked up one at a time so that a thin layer of liquid 15 was retained, and washed extensively. TMV was allowed to adsorb to the carbon film for 1 16 minute. After further washings, the sample was allowed to adsorb for 1 minute. After additional 17 washes, the grid was blotted to a very thin layer of liquid, plunged into liquid nitrogen slush, 18 transferred to an ion-pumped freeze drier, freeze-dried overnight, and transferred under vacuum 19 to the microscope. Images were analysed using the PCMass software available from the 20 Brookhaven STEM website (www.biology.bnl.gov/stem/stem.html). Mass per unit length 21 measurements were calibrated against measurements from the TMV internal standard. 22
Mass spectrometry. Samples were mixed on-target with matrix containing 40 mg/ml ferulic 1 acid in 60% acetonitrile, 0.1% trifluoroacetic acid, and subjected to matrix-assisted laser 2 desorption/ionization, time-of-flight mass spectrometry using an Applied Biosystems Voyager 3 DE-STR mass spectrometer. Data were acquired with delayed extraction (150 nsec) in positive 4 ion mode (accelerating voltage 25000 V; grid voltage 95%), and using the linear geometry. 5
Masses were externally calibrated using a protein standard mix consisting of insulin, cytochrome 6 C, apomyoglobin, aldolase, and albumin. 7 8 SDS-PAGE. SMV coat protein was separated by SDS-PAGE using an 18% polyacrylamide gel 9 and visualized by Coomassie blue staining. Gel analysis was performed with Bio-Rad Quantity 10
One software, version 4.6.3. 11
12

RESULTS
13
Helical symmetry. Fiber diffraction patterns from the G6 strain of SMV are shown in Figs. 2A  14 and 2C. The patterns are well ordered, with disorientations of about 5° and data extending to 15 resolutions of 4 Å or better. For comparison, a diffraction pattern from the potexvirus Narcissus 16 mosaic virus (NMV) (34) is also shown (Fig. 2B) . The patterns show that the fibers are non-17 crystalline, with continuous diffraction along layer lines. The non-crystallinity is confirmed by 18 the absence of crystalline reflections in the low-angle diffraction pattern (Fig. 2C) . 19 
20
The SMV diffraction patterns are characterized by a series of equally-spaced near-meridional 21 layer lines (seven are visible in Fig. 2A , one in Fig. 2C ), whose spacing corresponds to a helical 22 pitch p of 33.0 ± 0.2 Å. Numerous other layer lines are also present; the first (arrow in Fig. 2A ) 23
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at CALIFORNIA INSTITUTE OF TECHNOLOGY on August 6, 2008 jvi.asm.org Downloaded from is at a reciprocal spacing of (0.2 ± 0.02)/p, corresponding to five times the helical pitch. All of 1 the layer lines can be indexed using this spacing. If the number of subunits per turn of the viral 2 helix is u = u i + ∆u, where u i is an integer and ∆u is between 0 and 1, these layer line spacings 3 imply that ∆u is 0.2 ± 0.02 or 0.8 ± 0.02. From the positions of the first maxima on the higher-4 order layer lines, it is immediately evident that ∆u must be 0.8 rather than 0.2; this conclusion is 5 particularly supported by the strength of the 19th and 24th layer lines near the meridian, making 6 obvious pairs with the 20th and 25th layer lines (the crossover point in the characteristic "X" 7 shape of helical diffraction). If ∆u were 0.2, these pairs would include the 21st and 26th layer 8 lines rather than the 19th and 24th (14, 34). Since the crossover is close to the 4th and 5th near-9 meridional layer lines, it follows from the selection rule for helical diffraction and the properties 10 of Bessel functions (14, 17) that the integer u i is close to 8. 11
12
More information about u i can be obtained from diffraction patterns calculated from cryo-EM 13 images (Fig. 1) . The order of the Bessel function contributing to the first layer line in a 14 diffraction pattern is the integer nearest to the number of subunits in each turn of the diffracting 15 helix (14, 17). Its parity can be determined by measuring the phase difference between 16 equivalent points in the first intensity maximum on opposite sides of the meridian. In the absence 17 of noise, a phase difference of 0° implies that the Bessel order is even; 180° implies that it is odd. 18
19
Phase differences between equivalent points in a given diffraction pattern were measured for an 20 average of 14 separate points within the prominent first intensity peak on the first layer line in 21 each of five diffraction patterns from separate images of SMV. For every point, the difference 22 was greater than 90°; only three points had phase differences less than 120°, and the mean phase 23 difference for each image was greater than 145°. The overall mean phase difference was 155°. 1
For PVX, the overall mean phase difference from 10 points in each of 10 diffraction patterns was 2 151°. The observed differences clearly indicate that for both viruses, the number of subunits per 3 helical turn is closest to an odd integer. In the case of PVX, this confirms previous 4 determinations of potexvirus symmetry as a little less than 9 subunits per turn (52, 55), although 5 it is not consistent with the most recent determination (34) of the symmetry of NMV. The direct 6 measurements from cryo-EM are unambiguous, whereas symmetry determination from fiber 7 diffraction data alone can be very difficult, so it is most likely that the symmetry of NMV is 8. Virus structures. A radial density distribution for SMV at 22 Å resolution is shown in Fig. 4 . 2 This distribution was determined by the minimum wavelength principle (10), using data from the 3 low-angle diffraction pattern (Fig. 2C) between 110 Å and 65 Å resolution and the wide-angle 4 pattern ( Fig. 2A) between 65 Å and 22 Å resolution. The origin peak (data inside the equatorial 5 node at 110 Å) was calculated from a solid cylinder, scaled in amplitude to the low-angle 6 amplitudes and radially to the first node position (26, 34). The positions of the peaks in the 7 distribution are probably influenced by series termination error; they remain even when very 8 large temperature factors are imposed upon the equatorial amplitudes, but their positions depend 9 on the resolution of the input data. The maximum and minimum radii, however, appear to be 10 well determined. SMV reconstructions that were started with symmetries between 8.7 and 9.0 subunits per turn all 1 converged to a symmetry of 8.77 subunits per turn (Fig. 5) . This value differs from the fiber 2 diffraction value by slightly more than experimental error, and may reflect a real difference in 3 symmetry under different conditions. The difference is not, however, sufficiently large to affect 4 conclusions about the virus structure. SMV reconstructions started with symmetries close to 7.8 5 or 9.8 subunits per turn were not stable, providing further support for the conclusion that u is 6 close to an odd number. Reconstructions started close to the correct symmetry are expected to 7 converge to that symmetry (21). PVX reconstructions started with symmetries between 8.84 and 8 9.0 subunits per turn converged to 8.89 subunits per turn, consistent with previous 9 determinations (52, 55). Fourier shell correlation plots (29) (Fig. 6 ) suggest that the resolution of 10 both the SMV and PVX reconstructions is about 14 Å. The refined models are shown in Fig. 7 , 11 together with typical particle images of SMV and PVX. 12
13
The radial density distribution of SMV (Fig. 4) suggests that the virion has a central hole of 14 radius about 15 Å, slightly smaller than the central holes of tobamoviruses (48) and potexviruses 15 (34). The minimum radius is not clear from the cryo-EM reconstructions; the density maps are 16 noisy at very low radius. The maximum radius from both the radial density distribution and the 17 cryo-EM reconstruction (Fig. 7, B and C) is about 70 Å, greater than most, although not all, 18 previously reported potyviral radii (37). Previous reports have been based on negative-stain 19 electron microscopy, and it is likely that negative stain would penetrate the outer surface of the 20 virus, leading to under-estimates of the radius. The maximum radius of PVX from the cryo-EM reconstruction (Fig. 7, F have described here appears to offer at least a partial solution to this problem. The combination 6 of cryo-electron microscopy and X-ray fiber diffraction, supplemented by information from other 7 sources, has allowed us to determine viral symmetries and begin the process of three-8 dimensional structure determination. Reconstruction from cryo-EM data has the potential to 9 provide even higher resolution models, which will be invaluable for phasing and eventually 10 exploiting the full potential of the fiber diffraction data. 11
12
Structures of SMV and PVX. We have determined the helical symmetry of SMV to be 8. with similar intensity distributions extending to the limits of the patterns at about 4 Å resolution 15 (Fig. 2) . The striking similarities between potexvirus and potyvirus symmetry, low resolution 16 structural models, and higher resolution fiber diffraction data provide direct evidence for a 17 structural relationship between the coat proteins of members of the families Flexiviridae and 18
Potyviridae. 19 20
It is reasonable to speculate that most or all flexible filamentous plant viruses are structurally 21 related. We note that the helical pitches reported for the closteroviruses (59) and confirmed by 22 our own unpublished results are similar to those of the potexviruses and potyviruses. A similar 23 speculation can be applied to rigid rod-shaped plant viruses, although there is little or no 1 evidence that the flexible viruses and the rigid viruses have the same coat protein fold (18, 60). 2
One apparent exception to these predictions might be the very different reported helical 3 symmetries of the rigid tobamoviruses and tobraviruses (23, 28). However, reports of the 4 tobravirus symmetry (about 25 subunits per turn) all appear to depend on a single early electron 5 microscopic observation, whereas stoichiometric calculations similar to those that have been 6 used for the potexviruses (38) and potyviruses (51) suggest that the tobraviruses have only about 7 16 subunits per turn, similar to the tobamoviruses. The existence of a common protein fold will 8 greatly facilitate the design of modified coat proteins for use in peptide expression (12, 54) and 9 conferral of resistance on hosts (39, 57), and has important implications for the taxonomy, 10 evolution, and further structural study of filamentous viruses. and (H) is from red-orange (low density) to green-blue (high density). 14
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